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PRUSKRORJ\ RI WKH VROLG LQWR JOREXODUVSKHULFDO PLFURVWUXFWXUH >)OHPLQJV @ ,W DOVR DGGUHVVHV VRPH RI WKH
GHILFLHQFLHVRIFRQYHQWLRQDOFDVWLQJSURFHVVE\SURGXFLQJORZSRURVLWLHVRUSRURVLW\IUHHFDVWLQJVZKLFKLPSURYHV
ZHOGDELOLW\RIVHPLVROLGIRUPHGFRPSRQHQWV>*RYHQGHUHWDO@
7KLVZRUN LVPRWLYDWHGE\ WKHQHHG WR VWXG\ZHOGDELOLW\RIDQ\DOOR\FODVV WKDW QHHGV WRPDWXUH WRZDUGV
IDEULFDWLRQ RIFRPSOH[SDUWV 6HPLVROLG SURFHVVLQJKDVHPHUJHGDVDURXWHWRSURGXFHDOOR\VWKDWDUHRWKHUZLVHQRW
UHDGLO\ GLHFDVWDEOH /DUJH IUHH]LQJ UDQJH DOOR\V FRXOG EHSURGXFHGZLWK JOREXODUPLFURVWUXFWXUH XVLQJ VHPLVROLG
SURFHVVLQJ 663 VR WKDW WKH\ FRXOG EH HDVLO\ GLHFDVW LQ VHPLVROLG VWDWH 6LPLODUO\ ZURXJKW DOOR\V ZKLFK IDFH
VROLGLILFDWLRQ FUDFNLQJ RU KRW FUDFNLQJ LVVXHV FRXOG EH PDGH GLHFDVWDEOH E\ PRGLI\LQJ WKH PLFURVWUXFWXUH DV
JOREXODU :LWK WKH VHPLVROLG SURFHVVHG 	 JOREXODU PLFURVWUXFWXUH HPHUJLQJ DV D QHZ FODVV RI PDWHULDOV LW LV
LPSRUWDQWWRSUREHZHOGDELOLW\ RI WKHVHDOOR\VDVZHOGLQJLVDQLPSRUWDQWIDEULFDWLRQWHFKQLTXHWRSURGXFHFRPSOH[
SDUWVIURPLQGLYLGXDOSDUWV,QWKLVVWXG\ZHH[SORUHWKHUROHRIWKHUPDOJUDGLHQWQHDUWKHIXVLRQERXQGDU\RQ WKH
PLFURVWUXFWXUHIRUPDWLRQLQWKHZHOGPHQWRIUKHRFDVWHGZURXJKWDOXPLQLXPDOOR\
1RPHQFODWXUH
*7 7KHUPDO*UDGLHQW
:3 :LGWKRISDUWLDOO\PHOWHG]RQH
K &RQYHFWLYHKHDWWUDQVIHUFRHIILFLHQW
$ $UHDRISULPDU\Į$O
3 3HULPHWHURISULPDU\Į$O
 ([SHULPHQWSURFHGXUH
DOXPLQLXPDOOR\ZDVVHPLVROLGSURFHVVHGE\UKHRFDVWLQJ LQDJUDSKLWHPRXOGSODFHG LQVLGH/LQHDU
(OHFWUR 0DJQHWLF6WLUUHU /(06 >.XPDU@&DVWSODWHVRI WKLFNQHVVPPZHUHPDFKLQHGIURPWKH ELOOHWV
%HDGRQ SODWHDXWRJHQRXV*7$: ZDVSHUIRUPHG7RVLPXODWHYDU\LQJWKHUPDOJUDGLHQWVQHDUIXVLRQ]RQH*7$:
H[SHULPHQWV ZHUH SHUIRUPHG E\ SURYLGLQJ FRSSHU EDFNLQJ SODWHZLWK DQGZLWKRXW ZDWHU FRROLQJ FRQGLWLRQ DW WKH
ERWWRPRIZHOG FRXSRQV7UDQVYHUVHFURVVVHFWLRQRIWKHVDPSOHVZHUHWDNHQDWWKHFHQWUHRIWKHZHOGWRH[DPLQHWKH
ZHOGSURILOH DQGPLFURVWUXFWXUH LQ WKH IXVLRQ]RQH7RFKDUDFWHUL]H WKHPHWDOORJUDSK\ LQLWLDOO\ WKH VXUIDFHRI WKH
VDPSOHVZHUH ZHOOSROLVKHGXVLQJYDULRXVJUDGHVRIHPHU\ SDSHU IROORZHGE\GLDPRQGSROLVKLQJ7KHQ WKH\ZHUH
HWFKHG E\ .HOOHU¶V UHDJHQW FRQWDLQLQJ   +12   +&O   +) DQG UHPDLQLQJ +2 IRU RSWLFDO
PLFURVFRS\4XDQWLWDWLYH PHWDOORJUDSK\ SURYLGHG VKDSH IDFWRU DVPHDVXUH RI JOREXODULW\ RI SULPDU\ Į$O JUDLQV
XVLQJWKHHTXDWLRQʌ$3 ZKHUHWKHFURVVVHFWLRQDODUHDLV$DQGSHULPHWHULV3RIWKHSULPDU\ Į$OJUDLQVDUH
GHWHUPLQHGXVLQJLPDJHSURFHVVLQJ
 1XPHULFDOVLPXODWLRQ
)LQLWHHOHPHQWPHWKRG )(0KDVPDWXUHGZLWK LQFUHDVH LQ WKHQXPEHURIFRPPHUFLDOO\DYDLODEOHFRGHV
WKDW PDNH XVH RI FRPSXWDWLRQDO SRZHU DQG TXLFNO\ SURYLGH UHDOLVWLF VLPXODWLRQV RI FRPSXWDWLRQDO ZHOGLQJ
PHFKDQLFVWRDLGLQ WKHXQGHUVWDQGLQJRIWKHUROHRIWKHUPDOPHFKDQLFDODQGPDWHULDOSURSHUWLHVRQZHOGLQJ$'
PRGHO RI WKH VHPLVROLG FDVW SODWHZDV FUHDWHGZLWK YLVXDOZHOGSUHSURFHVVRUXVLQJ HLJKW QRGH FXEH HOHPHQWV LQ
RUGHUWRXQGHUVWDQGWKH ZHOGSRROJHRPHWU\DQGWKHUPDOGLVWULEXWLRQLQIOXHQFHGE\KHDWWUDQVIHU7KHILQLWHHOHPHQW
PHVK VKRZQ LQ )LJ  LV PRGHOOHGZLWK DGDSWLYHPHVKLQJ 7KH WKHUPDO JUDGLHQW QHDU WKH )= DQG 30= DUH KLJK
KHQFHPHVKZLWK ILQHU HOHPHQWV DUHPRGHOOHG DORQJ WKHVH ]RQHV LQRUGHU WRKDYHEHWWHU DVSHFW UDWLR%H\RQG WKH
ZHOG ]RQHV WKH JUDGLHQW LV OHVV DQG VR PHVK ZLWK FRDUVHU HOHPHQWV DUH PDGH WR UHGXFH WKH FRPSXWDWLRQDO WLPH
3HQWDJRQDO HOHPHQWV VKRZQ LQ )LJ  DUH XVHG WR KDYH VPRRWK WUDQVLWLRQ EHWZHHQ KLJKHU ILQHUPHVK DQG ORZHU
FRDUVHU PHVK WKHUPDO JUDGLHQWV 7HPSHUDWXUH GHSHQGHQW PDWHULDO SURSHUWLHV VXFK DV WKHUPDO FRQGXFWLYLW\ DQG
VSHFLILFKHDWDVD IXQFWLRQRI WHPSHUDWXUHDVVSHFLILHG LQWKHOLWHUDWXUH>)HXOYDUFKHWDO@DUHJLYHQDV LQSXW
SDUDPHWHUVWRWKH'PRGHO
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+HDWVRXUFH ILWWLQJ+6) WRRO LVD IDFLOLW\DYDLODEOHZLWKLQ WKH 6<6:(/' VRIWZDUHZKLFKHQDEOHV WKH
XVHU WRFDOLEUDWH WKHKHDW VRXUFHSDUDPHWHUV WRSHUIRUP WUDQVLHQW WKHUPDODQDO\VLVRIZHOGLQJ >%DWHHW DO @
6HYHUDOKHDWVRXUFHPRGHOVIURPVLPSOHSRLQWVRXUFHVRI5RVHQWKDOWRFRPSOH[*ROGDNGRXEOHHOOLSVRLGDO*DXVVLDQ
GLVWULEXWLRQ DUHDYDLODEOH7KHPRUHFRPSOH[WKHKHDW GLVWULEXWLRQVWKHPRUHDFFXUDWH WKHILWRIWKHWKHUPDOSURILOHV
6LQFH WKLV DQDO\VLV LVFRQFHUQHGZLWK7,*ZHOGLQJDSUHGHILQHGGRXEOHHOOLSVRLGDOKHDWVRXUFHPRGHOGHILQHGE\
*ROGDN DQG FRZRUNHUV ZDV VHOHFWHG >*ROGDN HW DO  %DWH HW DO @ 7KH FDOLEUDWLRQ RI KHDW VRXUFH
SDUDPHWHUVZDV DFKLHYHGE\DFRPELQDWLRQRI WZRPHWKRGV)LUVWO\ D WHPSHUDWXUHFRQWRXUSORW VKRZLQJGLIIHUHQW
UHJLRQVRIWKHZHOG ]RQHZDVWDNHQDQGFRPSDUHGZLWKWKHPHWDOORJUDSKLFFURVVVHFWLRQVRIZHOGSURILOHWDNHQXVLQJ
ORZ PDJQLILFDWLRQ VWHUHR PLFURVFRS\ 6HFRQGO\ WLPHWHPSHUDWXUH SORW RI +6) WRRO ZDV FRPSDUHG WR WKH
WKHUPRFRXSOHUHDGLQJVWDNHQ GXULQJH[SHULPHQWDWLRQ
,QWKLVPRGHOWKHIURQWKDOILVWKHTXDGUDQWRIRQHHOOLSVRLGDOKHDWVRXUFHDQGWKHUHDUKDOILVWKHTXDGUDQWRI
DQRWKHUHOOLSVRLGDOKHDWVRXUFH,QRUGHUWRUHGXFHWKHFRPSXWDWLRQWLPHLQWKHWUDQVLHQWDQDO\VLVDPRYLQJUHIHUHQFH
IUDPH[ȟ] DWWDFKHGZLWKWKHKHDWVRXUFHLVXVHGLQVWHDGRIDVWDWLRQDU\UHIHUHQFHIUDPH[\]6<6:(/'XVHV
WKH IROORZLQJ(T(T	(TQWRGHILQHWKHSRZHUGHQVLW\GLVWULEXWLRQLQVLGHIURQWDQGUHDUUHJLRQVRIWKH
KHDW VRXUFHUHVSHFWLYHO\>*ROGDNHWDO@
)LJ 0HVKLQWUDQVLWLRQUHJLRQ
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3K\VLFDOO\ WKHVHSDUDPHWHUVDUH UDGLDOGLPHQVLRQVRI WKHPROWHQ]RQHQDPHO\ IURQW OHQJWK   UHDU OHQJWK  
ZLGWK RI PROWHQ ]RQH E DQG GHSWK RI PROWHQ ]RQH F DQG DUH WKH IURQW DQG UHDU KHDW VRXUFH LQWHQVLW\
SDUDPHWHUV UHVSHFWLYHO\ LV WKHZHOGLQJYHORFLW\DQGĲ LV WKH ODJIDFWRUGHILQLQJ WKHSRVLWLRQRIKHDWVRXUFHDW WLPH
W 7KHKHDWVRXUFHSDUDPHWHUVDUHDGMXVWHGLQDQLWHUDWLYHPDQQHUWRDFKLHYHEHVWILW
 5HVXOWVDQG'LVFXVVLRQV
7KHPLFURVWUXFWXUHRI DV UHFHLYHG$O DOOR\ H[KLELWV ORQJGHQGULWLFPLFURVWUXFWXUH )LJ 8SRQ VHPLVROLG
SURFHVVLQJ XVLQJ /(06 WKH GHQGULWHV JHW IUDJPHQWHG DQG WUDQVIRUPHG WR QRQGHQGULWLF SULPDU\ Į$O JUDLQV
VXUURXQGHGE\D ORZPHOWLQJVHFRQGDU\SKDVH)LJ7\SLFDO WUDQVYHUVHFURVVVHFWLRQRI WKHZHOGSURILOHVKRZV
YDULRXV ]RQHV QDPHO\ EDVH PDWHULDO SDUWLDOO\ PHOWHG ]RQH DQG IXVLRQ ]RQH )XVLRQ ]RQH LV WKH UHJLRQ ZKLFK LV
FRPSOHWHO\PHOWHGGXULQJZHOGLQJ3DUWLDOO\PHOWHG]RQHLVWKHUHJLRQDGMDFHQWWRWKHIXVLRQ]RQHDQGWKHZLGWKRI
WKLV]RQHSOD\VDPDMRU UROH IRUJOREXODUPLFURVWUXFWXUH IRUPDWLRQ LQ WKH IXVLRQ]RQHRI WKH VHPLVROLGSURFHVVHG
DOOR\V 'HSHQGLQJ RQ WKH WKHUPDO JUDGLHQW DORQJ WKH IXVLRQ ERXQGDU\ ZLGWK RI WKH SDUWLDOO\ PHOWHG ]RQH YDULHV
ZKLFK LV UHODWHGE\ *7  7/ í 7(:3:KHQ WKH WKHUPDOJUDGLHQW LV OHVV WKHZLGWKRI30=LVPRUHKHQFHPRUH
KHWHURJHQHRXVQXFOHDWLRQVLWHVDVWKDWRIEDVHPDWHULDOIDYRXUVWKHJOREXODUPLFURVWUXFWXUHIRUPDWLRQLQIXVLRQ]RQH
7KHGHWDLOHGGHVFULSWLRQRI WKHQXFOHDWLRQPHFKDQLVPRFFXUULQJ LQ WKH30=RI WKH VHPLVROLGSURFHVVHGDOOR\DUH
GLVFXVVHGLQGHWDLOHOVHZKHUH>6DQGK\DDQG3KDQLNXPDU@
)LJ0LFURVWUXFWXUHRIDVUHFHLYHG$O )LJ0LFURVWUXFWXUHRIVHPLVROLGSURFHVVHG$O
)LJ)LJDQG)LJVKRZVWKHFRPSDULVRQEHWZHHQPHDVXUHGDQGFDOFXODWHGZHOGJHRPHWU\DQGWKHUPDOF\FOH
IRUWKH7,*ZHOGVLQDVZHOGHG FRSSHUEDFNLQJDQGERWKFRSSHUEDFNLQJDQGZDWHUFRROLQJFRQGLWLRQVUHVSHFWLYHO\
,QWKHILJXUHVWKHUHJLRQPDUNHGDV)=LVWKHIXVLRQ]RQHDERYHOLTXLGXVWHPSHUDWXUH7/DQGWKHUHJLRQPDUNHGDV
30=LVWKHSDUWLDOO\PHOWHG]RQHDERYHVHFRQGDU\SKDVHPHOWLQJ WHPSHUDWXUH7(
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7KHUPDOF\FOHRI7,*ZHOGHG663$$LQDVZHOGHGFRQGLWLRQV
7DEOH5HVXOWVRIWKHUPDOJUDGLHQWDQGZLGWKRI30=RI$$7,*ZHOGHGZLWKGLIIHUHQWFRROLQJFRQGLWLRQV
:HOGLQJ FRQGLWLRQV *7 .PP :LGWKRI30=PP
$VZHOG  
&RSSHUEDFNLQJ  
&RSSHUEDFNLQJDQGZDWHUFRROLQJ  
D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E
)LJ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D7KHUPDO SURILOHDQG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7KHUPDOF\FOHRI7,*ZHOGHG663$$ZLWKFRSSHUEDFNLQJDQGZDWHUFRROLQJFRQGLWLRQV
7KHFRQYHFWLYHKHDWORVVLVSUHGLFWHGZLWKDKHDWWUDQVIHUFRHIILFLHQWYDOXH>3UHVWRQHWDO@LHIRUDLUFRROLQJ
K :Pí .íFRSSHUEDFNLQJSODWH K :Pí .í DQGIRUERWKFRSSHUEDFNLQJDQGZDWHUFRROLQJ K :Pí
.í DUHVSHFLILHGRQWKHERXQGDU\VXUIDFHWRDFKLHYHEHVWILWEHWZHHQWKHUPDOF\FOHDQGZHOGSURILOHV1XPHULFDOO\
PHDVXUHGWKHUPDOJUDGLHQWDQGWKHZLGWKRI30=XQGHUGLIIHUHQWZHOGLQJFRQGLWLRQVDUHOLVWHGLQ7DEOH ,QDOOWKH
FDVHVWKHZLGWKRI30=LVYHU\VPDOOKHQFHIHZHUQXFOHDWLRQVLWHVDVWKDWRIEDVHPDWHULDODGYHFWLQWRWKHIXVLRQ
]RQHSURYLGLQJPRUHIUHHJURZWKIRUGHQGULWLFPRUSKRORJ\7KLVLVFRQILUPHGE\REVHUYLQJWKHPLFURVWUXFWXUHDWWKH
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